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Abstract

Three-dimensional geo-mechanics model test is one of the effective means to solve
the problems of underground geotechnical engineering , it can be intuitively,
qualitatively and quantitatively reflect the force and structural characteristics of crude
rock mass, the relationship between rock mass and underground engineering
structure. MEC-3D model test system ,which developed by China University of Mining
(Beijing), is capable of static experiment such as tunnel excavation and dynamic
experiments, but because of the limit of model materials, there are few research in the
dynamic part. This paper aims to research a kind of materials which has such properties
as high density, high strength and fast solidification to facilitate the dynamic
experiments.Based on this situation, the paper focus on research of similar materials of
model experiment. First, introduction of similar criteria and MEC-3D model test
system ,which developed by China University of Mining (Beijing), this paper puts
importance on its loading system and characteristics. Second, make orthogonal
experiment plan to measure physical mechanical parameters in order to analysis property
of similar materials. According to certain references, finally use quartz sand, gypsum,
cement and iron concentrate to constitute new materials, and water content is another
important parameter. make enough mount of standard samples, using universal testing
machine to get sample’s statics parameters, use Hopkinson Bars Technique to get
sample’s dynamic parameters, such as density, cohesive force, uniaxial compressive
strength, elastic modulus, speed of longitudinal wave, dynamic strength, then use range
method and variance method to analysis every parameter’s sensitivity and integrity.
Finally in order to solve safety problem during dynamic model experiment, numerical
analysis is used to evaluate the reaction wall of test machine, determine maximum
deformation and stress concentrated area under the worst situation, support a safety

reference to the experiments in the future.

Software Abqus 6.14 is used to build the numerical model, simulate the situation

where static load and dynamic load happened together.

Key words: Similar material, Model experiment, Strength check, Numerical

modeling
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Chapter 1: Introduction

1.1 Research background and research significance

There are many methods used to study underground geotechnical engineering, such
as theoretical research, field experimental research, numerical simulation theoretical
calculation, and similar simulation experimental research. The theoretical research is
based on mechanical research, proposes appropriate assumptions, simplifies the original
original rock conditions, and does not have significant guiding significance for the field,
and is for deep mining projects. Because the rock mass involved in it is in the harsh
Geological environment of the "three-high disturbance", resulting in the formation of
complex structures and structural characteristics within the rock mass, it has not been
possible to accurately describe its constitutive relationship using appropriate theories.!!
At the same time, due to the large degree of disturbance to the strata and the interaction
between the engineering structure and the surrounding rock medium, the theoretical
research on deep mines is more complicated. On-site test studies can directly conduct
relevant tests at the site, without sampling, and avoid disturbance and impact on the test
subjects by a series of measures such as drilling sampling, but it is relatively difficult to
effectively control the boundary conditions during the test process, such as testing the
drainage conditions of the surrounding soil layers. The field actual test cycle is long and
time-consuming, the work task is heavy and the input capital is more and more costly. At
the same time, the field test conditions are strictly required. Therefore, the field test is
very limited. > In terms of test results, the field measurement is limited by the
measurement distance, which makes it difficult for the test results to characterize the
changes in the internal characteristics of the rock mass and can’t extend the non-
measurement area. These are all problems that need to be solved by the field measurement.
The rapid development and effective combination of numerical simulation theory and
computer hardware provide a powerful tool for the mechanical analysis of deep rock mass,
but it is constrained by the rock mass constitutive relationship, some key parameters,
software analysis theory, and computer hardware facilities. It is necessary to simplify the

complex numerical model of deep rock mass. The three-dimensional geomechanical
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model test can qualitatively and quantitatively analyze the interaction between the
engineering mechanism and the deep rock mass, provide the necessary theoretical and
key parameters for numerical analysis, and verify the results obtained by numerical
simulation.!®7}

Therefore, geomechanical model tests can be used to explore many problems that
are difficult to explain by theoretical methods at present, and provide a basis for the
establishment of new mathematical models and constitutive relations. The study of three-
dimensional geomechanical model test is one of the effective research methods for
studying underground geotechnical engineering problems. It can intuitively, qualitatively,
and quantitatively reflect the mechanical characteristics and structural characteristics of
rocks or rock masses, as well as the relationship between rock masses and underground
engineering structures.

In addition, the development of Chinese science and technology has started late,
science and technology are not perfect, and material selection in model tests is to a large
extent an important factor that affects the final test results, but most of the model test
materials in China are used for the study of statics tests. The research and results on the
dynamics of measuring materials such as elastic modulus, uniaxial compressive strength,
cohesive force, and longitudinal wave velocity are relatively rare, especially when the
model test encounters blasting related problems. In order to make up for this deficiency,
this paper designs the dynamic test material suitable for this test machine on the basis of
the traditional cement mortar materials and the unique properties of the large three-
dimensional mine construction model test equipment developed by the China University
of Mines (Beijing). The static and kinetic parameters of the test material are measured
and analyzed, and then the strength of the geological model tester is checked under the
most adverse load conditions. The most unfavorable load refers to the maximum oil
source pressure that the system can provide. SMPa, It is combined with the dynamic

pressure formed by blasting under different blasting conditions.

1.2 Research status at home and research

1.2.1The experimental studies of the geomechanical model material

Geomechanical model tests can better reflect the complex characteristics of deep
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mine rock masses, such as joints, key faults, etc., and can qualitatively and quantitatively
reflect the interaction between the engineering structure and the surrounding affected rock
masses. In addition, the test results can be presented directly by a number of collection
methods without establishing a complex constitutive relationship, so as to avoid the
constraints in mathematical and mechanical theoretical derivation. Therefore,
geomechanical model test has been used as an important means to solve various
Geological problems in deep mines and has attracted more and more attention from mine
experts and scholars at home and abroad. At the International Conference on Rock
Mechanics held in 1967 and the 9th International Dam Conference held in the same year,
the concept of geomechanical model testing was first proposed. After the meeting, a team
of experts led by Prof. E. Fumagalli conducted a number of geomechanical model
experiments at the Bergamo Institute for Structural and Modelling Experiments (ISMES)
in Italy. The stability of dam shoulder, chamber surrounding rock and slope rock mass is
studied by using small pieces of model material. These experiments carried out by the
Institute have obtained many very significant results, such as the sliding failure process
of the dam's right bank cushion pier obtained from the geomechanical model test of the
Itaipu dam, which is basically the same as the field measured results; The crack
displacement value obtained from the geomechanical model test of Dacheng Water
Conservancy Shuangqu Dam in Taiwan is basically the same as that obtained by field
observations. % The Institute not only has outstanding performance in the
popularization and application of geomechanical model tests, but also has made
outstanding contributions to the development of geomechanical model tests technology
and model test theory. Countries that have made outstanding contributions to
geomechanical model tests include the former Soviet Union, the United Kingdom, the
United States, Yugoslavia, and Austria. Among them, the team led by R.E. Heuer and A.J.
Hendron of the United States conducted extensive and in-depth model tests on the
stability of the surrounding rock in the tunnel chamber under static conditions, and for
the first time systematically summarized the establishment of similar conditions for the
geomechanics model test. Methods and related test techniques, the influence of complex
Geological structure on chamber stability is widely studied. !}

The concept of geomechanical model test has been an important technique in mine
research since it was put forward. Geomechanical model test technique mainly focused

on plane stress similarity test in the 1960s. It mainly studied the effects of underground
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mining activities on overlying rock formations. In the 1970s and 1980s, there was a
qualitative change in the test techniques of geomechanics model, and the plane strain
model test system and the three-dimensional model test system appeared in the test system.
The results have also been obtained in the theory of model experiments, such as the theory
of "masonry beam" and the formation law of "three bands" of overlying rock layers on
the mining field. Based on the complexity of physical mechanical morphology of rock
bodies after engineering disturbance, many experts and scholars in China successfully
applied the similarity model test technique to optimize the quality model test of
underground engineering activities, and obtained many fruitful research results. By means
of geomechanical model test, Suthuiquan studied the effects of underground engineering
on the stress and displacement of surrounding rock mass. Dixinxian studied the
movement characteristics of the roof rock layer during coal mining in the upper layer of
the coal seam, and obtained the development law of the "masonry beam" structure to the
top position. Wu Yongping adopted the non-equilibrium fracture statistical method to
analyze the unsteady movement and evolution of the rock around the mining face under
asymmetric loading. Using the geomechanics model test method, Baiyiru studied the
impact of underground mining on surface subsidence. Dengkazhong studied the interface
effect between rock formations when the rock mass moved after underground mining.
Huyaoqing studied the coal seam mining. The variation of roof stress and displacement
[12-16]

After entering the 1990s, the rapid development of computer hardware equipment
and the improvement of numerical calculation theory have led to the neglect of
geomechanics experimental methods. Because the numerical simulation software can
save a lot of manpower, material resources and time, and it is different from the
geomechanics model test to change one parameter, the numerical simulation is more
convenient to consider the change of parameters. Therefore, many research institutes at
home and abroad have abandoned the study of geological model tests and instead
conducted numerical simulations. Only a few scientific research units in China still

(171 Although the rapid development of

adhere to the study of geomechanical model tests.
numerical calculation has caused great impact on the geomechanical model tests, the
geomechanical model tests are still the most effective means to study the geological
conditions and the complex geotechnical engineering of the project itself. Especially in

recent years, the test method and the performance of the pressure supply device have been
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continuously improved, and the geomechanical model test has accelerated its
development. Canadian R.W.I. Brachman, I.D. Moore and other experts used the newly
developed geomechanical model test system to simulate buried small-diameter pipelines
and studied their structural problems. MaroloC. Alfaro and Ron C.K. Wong studied the
fracturing of low permeability soils on the geomechanical model test bench. '8/ And In
China, a number of scientific research units have conducted in-depth research on
geomechanical model tests. Experts who have studied geomechanical model tests include
Xiaohongtian, Renweizhong, Zeng Yawu, and Chiyong. Its research content is the
stability of the dam foundation and underground factory building of the dam dam in terms
of water Conservancy, the support effect of the roadway in the mine, the distribution law
of the rock stress in the underground chamber, and the rock mass destruction mechanism
(19241 I the study of some special rock mechanics phenomena, such as rheology and rock
explosion, it can only be solved by the study of geomechanical model tests. In this respect,
Chenanmin and others used anchor cable to strengthen soft rock for the study of
geomechanical model experiments, obtained the creep equation of similar materials, and
the relationship between the length of anchor cable tension tonnage with time was studied.
Zhangyujun et al. used constitutive theory to establish a mechanical model of the
rheological characteristics of Anchorage rock mass in the geomechanical model test.
Zhouxiaomin et al. studied the application of artificial frozen strata in engineering
practice through geomechanical model tests. Zhujian and Xudongjun studied the rock
burst characteristics in underground caverns under different stress paths and the rock
failure forms under different stress combinations. In summary, geomechanical model tests
and their techniques have been widely used and developed in the field of geotechnical
engineering at home and abroad. They are usually used to solve complex geotechnical
problems that are difficult to solve by numerical simulation and theoretical research. 2s.

29].

1.2.2 Research status of model materials

What foreign countries have made outstanding contributions to the study of model
materials is the Bergamo structural model test Institute in Italy. Its research model
materials are mainly divided into two categories. % First, lead oxide is used as the

aggregate material, gypsum is the cemented material, sand and small round stone as the
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auxiliary material. The second material uses heavy crystal powder, limestone powder or
lead oxide as the main material, epoxy resin as the cementing material, glycerin and water
as diluents and humidifiers, diatomite and bentonite as additives. In the late 1970s, when
the Institute conducted a geomechanical model test for the Itaipu Dam in Brazil, a new
model material was developed. The mechanical properties of the model material strength
and deformation modulus were very low*!*3] And ... This model material uses the surface
tension of paraffin oil to bind a powdered mixture with a minimum compression
deformation modulus of about 60 MPa and a compressive strength of 0.06 to 0.1 MPa.
In China, the Department of Water Resources Engineering of Tsinghua University
has studied geomechanical model materials using gypsum as a cementing material,
adding starch slurry to partially matched materials to adjust its consolidation strength, and
has also tried to use copper powder as an aggravating material. Some experimental studies
(34351 In addition, Professor Lizhongkui of Tsinghua University also developed NIOS
model materials. The main materials of this material are magnetite concentrate powder,
river sand, gypsum and cement as binders, water as mixing agents, and other additives.
To adjust the various physical mechanical properties of the material. The material
material of this model is heavy, its physical mechanical properties can be mediated in a
relatively large range, and its performance is relatively stable, and the material source is
extensive. %31 Professor Hanboli of Wuhan University developed the MIB model
material, which uses membrane iron powder as aggregate and alcohol Rosin solution as
binder. After mixing the thick aggregate and fine aggregate after adding the film, it is
added with a binder and placed in a steel mold to become a model block. Physical
mechanics tests conducted on this material show that the weight of the MIB material can
reach 3.7 g/cm, which can basically meet the requirements of model materials such as

s. [*)There are also some research institutes

Gaorong, low strength and low elastic modulu
such as the Institute of Geology of the Chinese Academy of Sciences, Hehai University,
Yangtze River Academy of Water Sciences, Chengdu University of Technology, etc., all
have in-depth research on model materials.

There are discontinuous structures such as crevices, voids, and joints inside natural
rock masses. Therefore, in addition to selecting suitable model materials when making
models, it should also be considered how to simulate the geological structure in natural
rock masses when using model materials. [*!! Due to the limitations of test conditions and

means, it is impossible to copy all the geological formations in the prototype into the
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model in the geomechanical model test. At the same time, some non-critical geological
formations in the prototype do not need to be reflected in the model body. Therefore, in
the geomechanical model test, the discontinuous structure that has a significant impact on
the engineering structure should be simulated emphatically. [“>*3]Although the geological
structure was simplified during the model test, the simulated Geological structure is still
an extremely complex problem. Many experts at home and abroad have carried out a large
number of model tests on the geological structure and obtained some research results. For
clay sandwich viscous sliding can be simulated with grease coating, while plastic sliding

[44-45] And ... Although many studies have been made

can be simulated with talc coating
on similar materials at home and abroad, there are still many problems waiting for us to
solve in terms of model materials. In particular, the simulation of the Anisotropy of rock
masses and the discontinuity of rock masses is still under exploration. ¢! The study of
geomechanical model materials, including physical mechanical properties test content
and test methods, is still in the exploration stage, and many problems need to be further

studied

1.2.3 Dynamic experiments in rock mass

In aviation, aerospace, automobiles, transportation, packaging and other military and
civilian fields, engineering materials may encounter impact loads such as explosions and
high-speed impacts. Understanding the mechanical response of materials under impact
and blasting loading conditions will greatly contribute to the engineering application and
engineering design of these materials (47,

First of all, we know that the statics theory of solid mechanics studies solid media in
a state of static equilibrium, based on the premise that the inertia of the medium
microelements is ignored. This is only permissible and correct if the load strength does
not change significantly over time. With the short period of its load as the key feature, the
motion parameters change significantly on the short time scale of milliseconds,
microseconds and even nanoseconds. Under such dynamic load conditions, the
microelement coordinates of the medium are in a dynamic process that changes rapidly
with time. This is a dynamic problem. It is necessary to consider the inertia of the
dielectric microelements, which leads to the study of the wave propagation of the

corresponding force. [48-5,
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All solid materials have deformability and inertia. When they are subjected to
external loads that change over time, their motion process is always a process related to
the propagation, reflection, and interaction of stress waves. In the statics problem of
deformable solids that ignore the inertia of the medium, it is only allowed to ignore the
process of studying the propagation and interaction of stress waves before the static
balance is reached, but instead pays attention to studying the results after the stress
balance is reached®!?! In the problem of rigid body mechanics that ignores the
deformability of the medium, when the propagation speed of the stress wave tends to be
infinitely large, it is not necessary to consider it again. For deformable solid media under
explosive impact load conditions, the load has changed significantly or even been used
due to the fact that the load has changed significantly on the same or lower time scale
compared to the time required for the stress wave to pass through the object's
characteristic length. Over, and under this condition, the motion process of deformable
solids is often what we care about. Therefore, we must consider the propagation path and
propagation process of stress waves[>>!. Secondly, the characteristics of the strong impact
load that has significant load changes on the short time scale must mean high loading rate
or high strain rate at the same time. A large number of experimental studies show that the
mechanical behaviors reflected by materials at different strain rates are often different. In
terms of material deformation mechanism, in addition to the ideal elastic deformation can
be regarded as transient response, other types of inelastic deformation and fracture are
non-transient responses that are developed and carried out at a limited rate. For example,
the movement process of dislocation, the diffusion process caused by stress, the evolution
process of damage, the expansion and propagation process of cracks, etc., so the
mechanical properties of the material are essentially related to the strain rate of the
material. Usually, with the increase of strain rate, the phenomena such as increasing the
strength limit, decreasing the extension rate, increasing the yield limit, yield lag, and
fracture lag have become more obvious®* .Therefore, in addition to the inertial action of
the dielectric particles mentioned above, another key reason why the mechanical response
of the object under the explosion impact load and the mechanical response under the static
load are the dynamic mechanical properties and static mechanical properties of the
material itself at high strain rates. Different, That is, the correlation between the material
constitutive relationship and the strain rate. From the thermodynamic point of view, the

stress-strain process under static load is close to the isothermal process, and the
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corresponding stress-strain curve can be approximated as an isothermal curve. The
dynamic stress-strain process under high strain rate is close to the adiabatic process.
Therefore, it is a thermodynamic process with temperature changes. The corresponding
stress-strain curve can be approximated as an adiabatic curve. In this way, if the dynamic
response of a deformable solid under the explosion impact load is compared with the
static response, it actually contains both the inertial effect of the dielectric particle and the
strain rate effect of the material constitutive relationship. 1!

In 1914, B. Hopkinson proposed a clever method to study and measure the pressure-
time relationship at the end of the bullet or when the explosive exploded. The device used
is called Hopkinson pressure bar, sometimes abbreviated as HPB.

Before World War II, there were not many experts studying dynamic compression
loading problems, only G.I. Taylor came up with a method to measure the dynamic
compression strength of materials in the late 1930s. The Taylor method is based on certain
assumptions, mainly assuming that the material is rigid-ideal plasticity. Using the basic
concept of one-dimensional wave propagation, a cylinder is used to hit a rigid target, and
then its deformation is measured, and finally the material's dynamic compression yield
stress is measured.

In 1948, Davies analyzed the stress wave propagation in the Hopkinson rod, made
some adjustments, and invented the use of capacitance to measure the stress pulse in the
rod.

In 1949, Kolsky first changed the Hopkinson pressure bar into a separation type and
used it to study the dynamic mechanical response of the material at high strain rate and
its mathematical model, the dynamic constitutive relationship of the material, and
successfully developed the separate Hopkinson pressure bar.(SHPB, Sometimes referred
to as the Kolsky pole) technology. In the 1950s, people used experiments to verify St.
Venant principle, so that the strain pulse in the rod can be measured with a strain sheet

attached to the surface of the rod.

1.3 Main content of the research

Geomechanical model tests in China have a lot of statics, and dynamic tests are rare
because of the lack of suitable dynamic similar model materials. The three-dimensional

geomechanical model test of deep mine in our school has long been used for static tests.
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In order to guarantee the safety of dynamic tests, it is necessary to check its strength. In
order to solve the problem of the lack of performance of dynamic model materials, based
on the default cement mortar materials and relying on the unique properties of the three-
dimensional geomechanics model tester, the dynamic test materials used by this tester are
designed. The test materials need to meet the capacity. Major, fast condensation, the
integrity is good, and the cracking caused by hydration heat is less.

1) Considering the great but different influences generated by the mass ratio of
cement and gypsum, quartz sand and gelatinizer, and the quantity of iron ore powder and
water content on the basic physical characteristics of model material, orthogonal tests are
applied, instead of traditional test method, to analyze the test result by range method and
variance method and get the influences of different material, by which all test results can
be got through fewer proportioning tests. During the design of the test, the mass ratio of
quartz sand and gelatinizer (A), the mass ratio of cement and gypsum (B), the quantity of
iron ore powder (C) and water content (D) are set with four grade respectively.

2) Static and kinetic tests are performed on the preserved specimens to obtain
relevant mechanical parameters, as well as cohesive forces, uniaxial compressive strength,
elastic modulus, longitudinal wave velocity, and dynamic compressive strength. The
order of the influence of four factors on the physical mechanical properties of model
materials was discussed by using the methods of extremely poor analysis and variance
analysis.

3) Modeling using Sketch Up software and introducing it into Abqus 6.14 software
for numerical analysis to simulate the most adverse loads (both dynamic loads generated
by blasting and the minimum static loads provided by the test engine's oil source system),

Limit deformation that a three-dimensional geomechanics model tester can withstand.
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1.4 Technical route

The technical route is as follows,

Research on similar materials in model test system

v

Development of similar material

Test machine analysis
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Chapter 2: Theoretical Basis for Geomechanics Model

and Introduction of Laboratory System

2.1 Similarity theory

Experimental research can help people understand the world and make the world
become better. However, some tests are too large in size and complex in mechanical
properties, it is hard to research through physical tests. So it requires that we seek new
test methods to achieve the purpose of the test and apply similar theories to similar
simulation tests. It is an important practical way to solve problems. The model test is
based on the similarity theory, established the model by reasonable means, and puts it
under different test conditions to carry on the research, which has the advantages of low
cost, high efficiency and high convenient. After the emergence of similar theories,
countless scholars research and practice it, the theory is developed and improved
continually, and is applied to scientific research, making outstanding contributions to the

development of human scientific and technological civilization.

2.1.1 Concept of Similarity

1) Geometric similarity
The similar concept originally comes from the geometric similarity in
mathematics. If two objects are similar in geometric sense, then they mean that their
corresponding parts are proportional, and the proportion of each corresponding parts
is equal and a constant. This similarity is called geometric similarity. If we use /'
L' By IS BL" et to represent the corresponding edge length, then its
geometric expression is,
o
5_1”:%:%: ...... =C, 2.1
1 2 3
CvL is a similar constant in the equation.
2) Physical similarity
There are already geometric similarities, then extending similar theories to physical

parameters, if the physical quantities on the corresponding parts of the two systems
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correspond to each other with certain ratio, then the two systems are physically similar.
In this case, if we use U;'s Uz's Us'==---; U" Ux"\ Us'= - to represent the
corresponding physical parameters in the two systems then its physical its physical

expression is,
GG,
oo G 2.2)

Cy is a similar constant in the equation, the subscript U represents any kind of
physical parameters.

The physical process will be changed with time and the progress of the project, and
status at the beginning of the process or initial state often has important influence on
physical process, what’s more, the surrounding media and contact conditions will also
have a certain impact on the system. Therefor in the two similar systems, their parameters
such as time, initial state and boundary conditions must also be similar.

3) Mathematics similarity

The regularity exists in various phenomena in the natural world and it is an important
tool for human beings to understand and explore this world. No matter it is same or
different physical phenomena, they both have similarity. Even if some physical
phenomena are different in nature, they have the same form of mathematical expressions
that can reflect their own laws, or they have the same mathematical expressions, but the

physical properties they describe are totally different, it is called mathematical similarity.
2.1.2 Three laws of similarity

1) First law of similarity

In similar phenomenon, their single value condition are similar, and their similar
criteria have the same proportion coefficient.
This conclusion results from similar having such properties, as followed,

<1> Similar phenomena must be carried out in geometrically similar system, and at
all corresponding points in this system, the ratio between the same indicator parameters
that express the characteristics of the phenomenon is a constant, which means the
similarity constant is equal.

<2> Similar phenomenon obey the same laws in the nature, so the parameters that
express phenomenon’s properties are bound by some certain nature laws, there must be
certain relation between them. If those relation can be presented by mathematical equation,

then those equation in similarity phenomenon is same.
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The above <1> illustrates meaning of similarity, but it could only explain the similar
definitions, it does not find the laws that similar phenomena commonly obey; the above
<2> provides a method, which illustrate the similar criteria can be obtained by
transformation of similar equations describing phenomena, and it can be concluded that
“Similar phenomena have the same value of their criteria”

2) Second law of similarity

If there is an equation that describes a certain phenomenon:
£la, ay, - - - s Dy by b)) =0 (2.3)

In this equation : a;, az, ...... » a stand for basic parameters; br+7> br+2s ......
b, stand for the export parameters that have a certain number of factors, n> k.
The dimensions of all the physical equations are homogeneous, then formula (2.3)

could be converted to a non-factorial standard equation:
F(”l’ 72'2) """ ) ﬂ’-n—k) = 0 (2'4)

We can get follow conclusions: (i) Normative equation is a function that can express
any similar phenomenon; (ii) Number of criterion is (n-k); (iii) criterion is homogeneous.

It is known from the second law of similarity that the criterion equation can be
obtained from the transformation of equation that describes the nature phenomenon.
Therefore the phenomena that can be presented by mathematical equations can all be
expressed in criterion equation and discussed in a deep way. Moreover, second law of
similarity can also be used to infer criterion equation, even though the phenomenon only
have parameters without mathematical equations. The number of required criteria can
also be calculated from the second similar law, and the method of processing and
analyzing test’s results can also be obtained.

3) Third law of similarity

When the single value conditions of the phenomenon are similar and the similar
criteria coefficients composed of single value conditions are the same, we say that this
phenomenon is similar. The third law of similarity clearly specifies the sufficient
necessary conditions for the similarity of two phenomena. If the two phenomena are
similar, it is necessary to meet certain conditions, that is, the corresponding single value
conditions are similar, and the similar criteria composed of single value conditions are
equal. If the above two conditions are satisfied, the test results obtained by the model test
can be applied to other new phenomena without the need for repeated experiments, so as

to achieve the purpose of reducing the test cost.
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2.2 Application of similarity theory in geomechanical model

2.2.1 Basic concept of geomechanical model

The essence of geomechanical model test is based on the similarity theory, using
materials which have similar physical mechanical properties of original materials, and
constructing a model body with a certain proportion of the size of the prototype. The
stress distribution state of surrounding rock mass or surrounding rock movement state is
studied in the model body by simulating various geotechnical engineering phenomena,
such as excavation engineering and blasting engineering in the model body. For example,
the simulation of roadway support can understand the stress state in the support system,
and can observe the influence of different support systems and support parameters on the
support effect, and provide theoretical guidance for the optimal design of support;
Another example is the simulation of excavation and recovery surface, which can
understand the effect of daily recovery on the front support pressure of the working
surface by controlling the size of each recovery.

The model tests used to study the nature of a real situation in the prototype and the
mechanism of its occurrence belong to the qualitative geomechanical model tests. The
same factor will have different impacts in different projects. Qualitative and quantitative
research and analysis can be carried out by establishing multiple model experiments. In
model tests, it is not necessary to satisfy each similar relationship, but only to satisfy the
main similarity constant. Because satisfying all the similarity relationships at the same
time is unlikely to be achieved in the actual test at this stage. The quantitative model in
the geomechanics model requires that the main physical quantities satisfy their similarity

constants and indices as much as possible.

2.2.2 Similar indicators and conditions

The core problem of the model test is the similarity between the built model and the
actual prototype. There are many differences between the geomechanical model and the
ordinary static model. The key point is that the geomechanical model is to study the elastic
and ElastoPlastic processes that the model passes through after starting from the load to
the destruction. The normal static structure model is to study the state under a certain load.

Therefore, the situation of geomechanical model tests is more complex and requires
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models and prototypes. From the beginning to the destruction, the stress States and
material properties of the two must be similar.

For geomechanical model experiments, here are the parameters that influence it:
geometry size L (m). stress 6 (N/m?) . strain €. displacement § (m) . elastic
modulus E (N/m?) . poisson ration v. boundary stress @ (N/m?). body force p

(N/m*® ). bulk density ¥ (N/m?). cohesion C (N/m?). internal friction angle ¢+

uniaxial compressive strength Rc (N/m?). Related similarity constant could be given

as follows:
Geometric similarity constant C, = LL—P (2.4)
M
Stress similarity constant C, = :—P (2.5)
M
Stress similarity constant C. = z—P (2.6)
M
Displacement similarity constant Cs = g—P (2.7)
M
Elastic modulus similarity constant Cy = E—P (2.8)
M
Poisson ration similarity constant C, = E—P (2.9)
M
Boundary stress similarity constant Cz = :—P (2.10)
M
Body force similarity constant C, = Z—P (2.11)
M
Bulk density similarity constant ¢, = ;//—P (2.12)
M
Cohesion similarity constant Cc = E—P (2.13)
M
Internal friction angle similarity constant Cp = Z—P (2.14)
M
UCS similarity constant Cr, = Bep (2.15)

Rem
The subscript P represents the prototype and the subscript M represents the model.
In addition, in the Elastoplast phase,

Residual strain similarity constant: Ce, = ‘:LP (2.16)
oM

According to similar theory and dimensional analysis method :

Balance equation similar criterion:

Ce
=1 (2.17)
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Physical equation similar criterion:

Co Cy _ _
e = 1 o C, =1 (2.18)
Geometric equation similar criterion:
Cs _
e, = 1 (2.19)
Boundary condition similar creiterion:
fo =1 (2.20)
Cs
Materials strength similar criterion:
Cy Cc
Crg Ty Co (2.21)

The model that satisfied the above similar criteria is called a completely similar
criteria model, but for the model materials Rc. ¢+ y. E. C as independent physical
quantities, it is difficult to achieve all similar criteria after determining the material of the
model. On the other hand, the model that can only satisfy the main similarity criterion,
called the basic similarity model, and the geomechanical model belongs to the basic
similarity model. The deformation characteristic parameters of each component of the
geomechanics model must be considered, that is, the deformation modulus and Poisson’s
ratio need to be similar, and the strain is generally required to be similar.

In addition to meeting the above requirements such as, boundary conditions, material
strength, time is another important parameter. The similarity of time can determine the
speed of roadway excavation or the recovery speed of the work surface and the stability
time in the geomechanical model test. From Newton's second law, the relationship
between the time similarity constant C; and the geometric similarity constant Cp can be

obtained,

€=y (222)
2.3 Three dimensional geomechanical model test machine

2.3.1 Introduction of test machine

In order to overcome the deficiency of the model test system, this system provides a
three-dimensional model test system for the deep mine construction project. This system

can not only carry out ordinary geomechanical model tests. At the same time, it can also
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be used to simulate and test the complex Geological conditions such as underground
blasting engineering, Highland stress, water-rich engineering, high-speed impact, and
radioactive material storage engineering.

The system includes hydraulic loading system, counterforce frame device,
intelligent control system and data monitoring system. Hydraulic loading system belongs
to servo system and consists of servo oil source and servo actuator. The intelligent control
system is composed of full digital controller and servo valve. The counterforce frame
device is a loading system made of high quality steel plate, groove steel, I-steel and other
materials connected by bolts and weld.

The servo oil source can provide different working pressure for each group of servo
actuators to meet the need of different loads on the model. It is mainly composed of fuel
tanks, oil pump power sets, filtration devices, electro-hydraulic servo valves, high-
precision pressure sensors, pressure gauges, safety valves, cooling devices, and pipelines.

The servo actuator consists of a vertical cylinder and a horizontal cylinder. Each
cylinder has its own input-back pipeline and oil circuit switch, which can be connected
or disconnected as required.

The counter frame is a “mouth” shape structure consisting of parts such as upper and
lower beams, columns, and counterforce support beams.

Horizontal cylinder (back) installs on back loading frame, back loading frame is
connected with counterforce wall by pull bar assembly, back loading frame and back
counterforce wall is an independent system, when it works, it doesn’t have addition load

on the left and right surface of the machine.

THEimiL
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Fig.3.1 The load of framework of test machine

2.3.2 Main technical properties of the test machine

The main technical indicators of the three dimensional geomechanics model test are:
1.The large-scale three dimensional model test and the two-dimensional plane stress
model test can be carried out. The maximum size of the model body can reach 2000mm
X 2000mm X 1200mm, and the maximum section of the large roadway can be simulated
as 400mm X 400mm; 2. The effective pressure that the model can load in the X, Y and
Z direction is 5 Mpa, the effective movement of cylinder is 150mm, the load concentration
deviation <5%, the water head that the test carry out is 0.8 Mpa; 3. In terms of
mechanical properties, the loading speed can be continuously adjusted between 0 and
0.15 Mpa, the load constant time = 168h, and the total power of the test is 40 to 50 kw;
4. The collection system can record the effective pressure, displacement, loading speed,
and retention time of the constant load in all direction during model test, the results can
be displayed digitally with the operating software in the system.

1. The servo hydraulic oil source system can provide different pressure to the actuator by
controlling the flow of the working oil, and achieve the load requirements under different
test conditions, as shown in Figure 3.2. The electro-hydraulic servo valve is the D633
electro-hydraulic servo valve of the MOOG Company in the United States. The servo
valve is controlled by the EDC220 controller. High-precision pressure sensors can
accurately measure the pressure of the oil source in the tubing and display it digitally on
the computer through specific processing. When the pressure exceeds the safety pressure
of the hydraulic system, the system will automatically unload and reduce the pressure in
the fuel tank to avoid excessive pressure on the hydraulic system, mechanical parts or the
model body. The temperature detector can pay attention to the temperature of the mailbox

at all times, so as to avoid the safety hazards caused by the high temperature of the fuel
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Fig.3.2 Servo actuator sketch map

2. Computer servo control system

The computer's EDC220 full-digital controller can control the entire system in full
digital closed-loop and control the target value and speed of the load in real time. The
servo controller is the original EDC220 digital controller of the German Doli company.
The EDC digital controller is powerful, stable, and has a strong ability to expand.

3. Data acquisition system

In the model test, the strain gauge, pressure box and other electronic measuring
instruments are often used to collect data, and the system is equipped with an electrical
measuring data acquisition system accordingly. The data acquisition system is made up

of nine KD7024 static strain instruments produced by Yangzhou Science and Electronics.
Following the pictures 3.3.

‘ .
Iy | T ‘ | -y

Fig.3.3 Data collection system
(4) Displacement measurement device

The deformation of the test object is measured by means of high precision conductive

plastic electrode. The deformation of the model is detected by the computer continually.
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The deformation of every cylinder and the deformation of every surface can be displayed

on the computer screen.

Compared with similar model test systems at home and abroad, the three
dimensional geomechanical model test system has the following advantages and
innovativeness:

1. The system structure of the test machine is a variable structure. Not only can the
two-dimensional plane model test be carried out, but also the three-dimensional model
test can be carried out. The same test machine can carry out different dimensions of the
test and expand the scope of use.

2. The model tester can simulate the underground blasting test. At present, the
blasting similarity model tests are conducted using similar materials without constraints.
This kind of environment without containment is very different from the actual
underground blasting construction environment, but the loading system has added factors
that limit the boundary conditions. It can better reflect the geological disturbance of rock
mass and rock formation during blasting.

3. The test machine can simulate the water-rock coupled tunnel (roadway) under
water-rich conditions, which provides a platform and tool for the research in this field.

4. The test machine can realize the excavation and support research of simulated
roadway (tunnel) under real stress environment. The traditional model test process is to
lay out the production model and then carry out the engineering practice such as roadway
excavation. Unlike the traditional test process, the model test system can simulate the real
stress environment and carry out the original rock stress loading and then carry out the
roadway excavation. The simulation of the actual construction of surrounding rock in
roadway engineering can reveal its deformation and failure characteristics. In addition, it
can realize many excavation methods such as artificial excavation of complex
engineering, excavation under blasting conditions, and mechanical continuous simulation
excavation.

5. The performance of roadway surrounding rock can be simulated in a wide range
of fields. The model tester has a high stress design, which can simulate rock mass with
complex joint surface to rock mass with high integrity coefticient, and the surrounding
rock and its engineering characteristics under three-dimensional high stress environment.

6. It has good function extensibility. At the beginning of the design, the test machine
has a usable interface. After gradually improving its function, it can simulate the thermal

rock engineering of deep rock formations under high temperature conditions, and use
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freezing method to construct the engineering simulation under high stress and low
temperature conditions. The high radioactive waste nuclear waste storage test and the

deep rock engineering carbon storage test.

2.4 Conclusion of this chapter

The similarity theory is the theoretical basis of the geomechanics model test. This
chapter simply introduces the similarity three theorems from the aspects of similarity
theory geometric similarity, physical similarity, and mathematical similarity, and points
out the limitations of similarity theory in practical experiments. Then the application of
the theory of force similarity in the model test of geomechanics is briefly described, and
the three-dimensional model test system for the construction of deep mines developed by

the China University of Mining (Beijing) is introduced in all directions.
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Chapter 3: Making and parameter analyzing of similar

materials

3.1 The choice of similar materials

Even though the physics characteristics of similar materials can be calculated with
the help of similarity theory, it is hard to find a material matching all similarity ratios.
Therefore the priority of the paper is to find out the factors affecting experiment results.

Bulk material and granular material are available for choice. In the condition of true
triaxial test, the similar materials are required to present its statics features and blast effect.
The bulk material can coagulate into integrity for one time and not easy to change in
volume under high stress, so it’s helpful for us to evaluate the blast effect through
analyzing the lump size and casting distance. While the granular material need to be
compacted for several times. Under shear stress, the relevant dislocation of granule will
result in volume changes, which makes it difficult to evaluate blast effect. Besides,
considering the experiment period and cost, the similar material shall be easy to be
processed, molded and dried, can be bought at a low price and can be recycled as well.

Since the model test is not specialized to any project, the physical characteristics of
grade [II engineering rock mass are taken as standard to prepare modeling materials.
According to Tab 3.4, we know that the modeling material’s saturated unit weight is
24.5~26.5 kN/m3, cohesive force is 43~94 kPa, modulus of deformation is 375~1250
MPa, uniaxial compressive strength is 1.875~3.75 MPa, tensile strength is 200~282 kPa,
Poisson’s ratio is 0.25~0.3, and longitudinal wave velocity is 3~4.5 km/s. It is a modeling
material with high strength and density.

Based on the pros and cons of modeling materials, cement mortar is applied to serve
as main material in this modeling test. According to the researched of domestic and abroad
experts and scholars, the similar material made of cement mortar is suitable for blast test
of rock and roadways. The small-scale cement mortar modeling test on magnetite
conducted by Chinese expert Yang Zuguang and Swedish scholar Agne Rustan shows that
the blast to heterogeneous mortar model having a certain intensity could be used to
simulate the blast site randomly distributed with small and weak pieces. After that, a
Swedish research group, Gert Bjarnholt, made modeling test with nearly one ton cement

test block and found that the characteristics of cement mortar itself contributed to the

Analysis and Evaluation of Three-dimensional Geology Mechanical Model Experiment 23



same blast effect of cement mortar just as the medium-strength rock did. Therefore, it is
feasible to choose cement mortar to prepare models in cut blasting model test and the

suitable model material can be made through orthogonal tests.

3.2 Orthogonal Tests Scheme

The model material takes quartz sand as main material, cement and gypsum as
inorganic gelatinizer, and iron ore powder as density regulator, among which quartz sand
is 50-70 mesh; iron ore powder, 400 mesh, manufactured in the iron ore plant in Lingshou
County, Hebei province and the density thereof is 44.1kN/m3; Portland cement marked
with 42.5; gypsum powder is 3.0 high-strength commonly used for architecture.

3.2.1 Ratio of compounding

Considering the great but different influences generated by the mass ratio of cement
and gypsum, quartz sand and gelatinizer, and the quantity of iron ore powder and water
content on the basic physical characteristics of model material, orthogonal tests are
applied, instead of traditional test method, to analyze the test result by range method and
variance method and get the influences of different material, by which all test results can
be got through fewer proportioning tests. During the design of the test, the mass ratio of
quartz sand and gelatinizer (A), the mass ratio of cement and gypsum (B), the quantity of
iron ore powder (C) and water content (D) are set with four grade respectively as
following Tab 3.1:

Tab.3.1 Physical mechanical parameters of the grade III engineering rock mass

mass ratio
of quartz mass ratio of quantity of
sand and cement and iron ore Water
Grades gelatinizer gypsum powder content
gypsum: cement
(A) (B) ©) (D)
1 1:1 8:2 5% 15%
2 2:1 7:3 10% 25%
3 3:1 6:4 15% 35%
4 4:1 5:5 20% 45%,

Note 1) mass ratio of quartz sand and gelatinizer
Note 2) the influence of the ratio between gypsum and cement on the
characteristics of model material

Note 3) water content: percentage of water in total mass of compounding
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The mechanical characteristics of material is very important. In order to figure out
the proportion of model materials, a suit of specially-made mold is applied in research,
including a cylindrical iron double-faced mold ¢= 50 mm x 100 mm and specimen with
internal surface processed leaving slope variance less than 0.05mm. After assembly, all
specimen occluded closely to prevent any possibility of collapse or vadose. The volume
of specimen is V= 1.9625x 10-4 m?; total mass thereof is 25 kN/m?, and the density is
p=2.55x 10° kg/m3, accordingly, the total mass of similar material can be determined as
m=pV=2.55x10° x 1.9625x 10-4=0.5 kg. The iron ore powder, as an important element
in the similar material test, its proportion and mass are showed in the Tab 3.3. The content
of the four elements are figured out as Tab 3.3 based on the proportion parameter from

orthogonal tests.

Tab.3.2 Percentage and mass of iron ore powder

Percentage Mass of iron ore powder Mass of remaining
material
5% 0.025 kg 0.475 kg
15% 0.075 kg 0.425 kg
25% 0.125 kg 0.375 kg
35% 0.175 kg 0.325 kg
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Tab.3.3 Main parameters’ quality in range method experiment

Proportio Mass of iron  Mass of quartz Mass of cement and gypsum
n No. ore powder sans
sum 170
1 75 ¢ 2125 ¢ 2yp =
cement 425¢g
sum 148.75
2 75 g 2125 ¢ 2yp 2
cement 63.75¢
sum 127.5
3 75 g 2125 ¢ &P g
cement 85 g
sum 106.25
4 75 g 2125 ¢ 2P 2
cement 106.25 g
sum 113.6
5 75 g 283 g =yP =
cement 284 ¢
sum 85
6 75 g 31875 ¢ =yP 2
cement 2125¢g
sum 68
7 75 g 340 g =yP 2
cement 17¢g
sum 71
8 75 g 283 g =YP 2
cement 71 g
sum 53.125
9 75 ¢ 31875 ¢ =YP =
cement 53.125 g
sum 42.5
10 75 g 340 g &P g
cement 425¢g
sum 183.75
1 250 2125¢ 2ypou 2
cement 7875 ¢
sum 96
12 25 ¢ 283 ¢ 2yp 2
cement 9% g
sum 113.75
13 125 ¢ 2125¢ 2ypou 2
cement 48.75 g
sum 46
14 125 ¢ 283 ¢ 2y g
cement 46 g
sum 78.75
15 175 ¢ 2125¢ 2yp =
cement 3375 ¢
sum 21
16 175 g 283 g 2P 2
cement 2l g

The making processes of specimen are as follow:
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1. Calculate the amount of quartz sand, iron ore powder, gypsum, and lime in
the test according to the ratio determined in advance. Consider the moisture
content in the quartz sand if necessary.

2. Weight the amount of each component with an electronic balance as standby.

Prepare the test mold and apply silicone oil evenly to the internal surface of
the mold for the convenience of demould.

4. Pour the four components into hopper sequentially, and add quantitative water
slowly while stirring for 2-3 minutes continuously.

5. Fill the mixed material in the test mold in one time, during which using a
spatula to slightly vibrate along the inner wall of the mold and keep the
material slightly higher than the mold.

6. Press the glass plate onto the test mold, remove the surplus compounding and
air bubbles in it, and smooth with a spatula.

7. After leaving the mold rest for 30 minutes, demould and clean the mold.

After the specimen is made, conserve it in room for 28 days.

The making processes of specimen as is shown in the following graphs 3.1.

(a) cylindrical iron doubl  (a) different components of

faced mold material

(c) stir evenly (d) keep rest after vibrating

Analysis and Evaluation of Three-dimensional Geology Mechanical Model Experiment 27



(e) cvlindrical specimen
Fig.3.1 Preparation of orthogonal test specimen

3.2.2 The orthogonal test result
“Four factors and four grades” orthogonal table Lis (4*) is applied to determine

the test scheme. Namely four factors being arranged with four grades respectively, then
there will be 16 matching groups so that every factor at different levels could be evaluated
in a balanced and focused way, making the scheme more typical and scientific.

Tab.3.4 Physical mechanical parameters of the grade Ill engineering rock mass

Factors Evaluation index

mass ratio 'nass ratio Uniaxial Longi

of quartz Of cement  Mass of compress Elastici tudina

sand and and iron ore Water  cohesive ive ty 1 wave

gelatinize  gypsum powder  content  force/kP strength/ modulu veloci

NO. r (A) (B) © (D) a Mpa s/Mpa  ty/m/s
T Al Bl Cl D4 1082 3.12 1704 4213
2 Al B2 C2 D3 105.1 3.52 1577 4552
3 Al B3 C3 D2 93.4 3.74 1384 4783
4 Al B4 C4 D1 91.8 4.01 1156 4819
5 A2 B1 C2 D2 80 2.21 903 3817
6 A2 B2 Cl D1 82.8 2.75 965 3439
7 A2 B3 C4 D3 69.8 2.68 843 4147
8 A2 B4 C3 D4 73.3 2.85 885 4102
9 A3 B1 C3 D1 51.5 2.14 682 3692
10 A3 B2 C4 D2 50.1 2.34 634 4038
11 A3 B3 Cl D3 62.4 2.39 775 3258
12 A3 B4 C2 D4 59.8 2.51 724 3854
13 A4 B1 C4 D3 39.1 1.64 375 3471
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14
15
16

A4 B2 C3 D4 30.1 1.53 298
A4 B3 C2 Dl 45.5 1.79 489
A4 B4 Cl D2 49.5 1.89 586

3304
3150
3065

According to the 16 matching schemes mentioned above on ¢=50 mmx100 mm
standard cylinder specimen, at least 3 specimens shall be made by each matching scheme.
Since the volume of specimen is fixed and the density similarity ratio Cy=1, the density
of model material thus can be determined as y =25 kN/m>. Therefore, the mass of single
cylinder is 2550 kg/m® x 1.96x10-4 m*=500 g and the mass of other materials can be
figured out accordingly. The mass ratio of quartz sand and gelatinizer is 1:1; the mass
ratio of cement and gypsum is 8:2; the percentage of iron ore powder is 5% and the
percentage of water content is 15%. The total mass is 500 g, among which iron ore powder
is 25g, leaving quartz sand and gelatinous materials totally 475g. Since the mass ratio of
quartz sand and gelatinizer is 1:1, the mass of quartz sand is 237.5g; since the mass ratio
of cement and gypsum is 8:2, the mass of gypsum is 190g and cement is 47.5, and the
mass of water is 500 g x15%=75 g. Weight the mass of material respectively with
electronic scale and mix them together, then add certain amount of water-dissolved
gelatinous materials and fully stir in a cement mortar mixer. After that, add the prepared
compounding into the cylindrical iron double-faced molds that have been covered
silicone oil evenly on the internal surface respectively, and pound the compounding with
poker vibration to release bubbles. The preparation time shall be strictly controlled so that
workability and slump of mortar in every specimen can be kept at the same level.
Demould after 48-hour natural conservation, then measure the weight and mark with
labels. Lastly, measure the basic physical and mechanical parameters after 28-day regular

conservation under ordinary temperature, and fill the results in the orthogonal form.

3.3 Measuring and analyzing the physical and mechanical

parameters

Curing time: since moisture content has a great influence on physical and mechanical
characteristics, it’s necessary to weight and record the average of 16 matching schemes
every other day and reflect changes with the line graph as is indicated in 3.2. The result
indicates that the mass of specimens are decreased with time because of evaporation; after

12 days, most of specimens are dry with little mass variation. The No. 1, 2, 3,4, 5 and 6
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matching scheme have a high content of gypsum and cement, and the active hydration
reaction between them consume a large amount of water and the mass of them tend to
stable after 10-day conservation. Compared with the other matching scheme, the mass of
No. 12, 13, 14, 15, 16 changes slowly with time and become dry after 20-day conservation,
the reason for which is that the mass ratio of quartz sand and gelatinizer of them is large
while the content of gypsum and cement is small, and the water consumption of hydration

reaction is little.
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Fig.3.2 Curves of specimen mass and conservation time

Specimen will be ready for ultrasonic test (as is shown in the graph 3.3) after 28-day
conservation. The equipment or device involved in this test include Olympus electronic
pulse transmitter, DPO 5104B electronic oscillograph developed by Tektronix and 100
KMz nonmetal acoustic transducer for ultrasonic probe. In order to obtain a more accurate
longitudinal wave velocity, specimen is firmly fixed between transmitting probe and pick-
up probe which are coated with couplant specially used for ultrasonic test. The pulse
launched by transmitting probe is received by the pick-up probe after and transferred into
electrical signal whose data is collected by micro-computer and reflected by wiggled
curve (as is shown in the graph 3.4). With the time period from the launch and receive of
ultrasonic wave “t” and the length of specimen “L”, the longitudinal wave velocity of

model materials could be figured out.
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Fig.3.3 ultrasonic test of specimens
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Fig.3.4 Typical wave of ultrasonic test

MTS-CMT5000 micro-computer is applied to control electronic universal testing
machine and measure the uniaxial compressive strength, cohesive force and elasticity
modulus of specimens, and fill the average in Tab 3.4. The macroscopic failure
characteristics of dried specimen after uniaxial compressive test together with marks of
cracks and failure surface reveal that the failure characteristics of specimen and brittle
rocks is the same, namely there are typical shear slip surface and tensile fracture surface,
besides the tensile fracture surface is nearly parallel with loading direction. With the
extension, development and convergence of the tensile fracture surface and shear slip
surface, circumferential cracks appear on the surface of some certain specimens and the
failure characteristics thereof shows “compression shear failure” and “tensile failure”

(as is shown in the graph 3.5) .
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Fig.3.5 Typical failure pictures of some samples

3.3.1 Analyze the orthogonal test result with range method

Based on the parameter of cohesive force, uniaxial compressive strength, elasticity
modulus and longitudinal wave velocity, range method (sensitive analysis) is used to
prioritize the influences on the physical characteristics of model material generated by
the mass ratio of quartz sand and gelatinizer (A), the mass ratio of cement and gypsum
(B), the quantity of iron ore powder (C) and water content (D). According to orthogonal
theory, firstly, figure out the range first by the average of every factor under different
levels. The range is just the average of the biggest and the smallest figure. Secondly, order
the ranges obtained from the step mentioned above. If the range 1is bigger, then the
objective parameter will fluctuate greatly with only a small change on relevant values,
then the factor can be defined as a sensitive one; If the range is smaller, then the objective
parameter will fluctuate slightly with only a small change on relevant values, then the
factor can be defined as a non-sensitive one. According to the result of orthogonal test,
the influence on the test results could be got through sensitivity analysis by applying range
method:

(1) analysis of factors on cohesive force
Figure out the average and the range based on the factors, presented in the orthogonal
form, which generated influence on cohesive force of specimen (as shown in the
following Tab 3.5). K1, K2, K3, K4 respectively show the experiment result of every
factor under four levels; k1, k2, k3, k4 are the average of K1, K2, K3, K4 respectively.
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Tab.3.5 Range method analysis of cohesion

NO. A B C D Cohesive
force/kPa

1 1 1 1 4 108.2
2 1 2 2 3 105.1
3 1 3 3 2 93.4
4 1 4 4 1 91.8
5 2 1 2 2 80
6 2 2 1 1 82.8
7 2 3 4 3 69.8
8 2 4 3 4 73.3
9 3 1 3 1 51.5
10 3 2 4 2 50.1
11 3 3 1 3 62.4
12 3 4 2 4 59.8
13 4 1 4 3 39.1
14 4 2 3 4 30.1
15 4 3 2 1 45.5
16 4 4 1 2 49.5
Ki 388.5 278.8 302.9 271.6
Ko 277.4 268.1 2904 273
Ks 223.8 2711 248.3 276.4
Ks 164.2 274.4 250.8 271.4
k1 97.125 69.7 75.725 67.9
ka2 69.35 67.025 72.6 68.25
ks 55.95 67.775 62.075 69.1
ks 41.05 68.6 62.7 67.85

Range 56.075 2.675 13.65 1.25
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Comparing the extreme values in the table, the sensitivity of the four factors is
ranked as A>C>B>D. The result indicates that the range of mass ratio of quartz sand and
gelatinizer (A) is far higher than other factors and is mass ratio of quartz sand and
gelatinizer (A) is a sensitive factor; while the range of water content is the smallest one
and thus is non-sensitive. In order to reflect the influence of all factors on cohesive force,
the different levels of each factor are taken as the X-axis, and the cohesive force as Y-axis
to draw the intuitive range analysis graph as shown in Tab 3.6: the cohesive force is
affected most by the mass ratio of quartz sand and gelatinizer (A). When the total mass
of the specimen is fixed, with the increase of quartz sand content, the content of the
cement and gypsum decrease, making it is difficult to completely fix the loose-grained

granule and the sand grain shift easily, which greatly reduces the cohesive force with

110

ook = A B C D
0
o ook Y
= a0 \
a \
g 8o . -
S . ™
; 70 \". o -\ —a—a—
\". | B
B oor .

50 \

40

A1A2A3A4 BIB2B3B4 CI1C2C3C4 DI1D2D3D4

Fig.3.6 Analysis of the factors affecting cohesion

increase of quartz sand content. Similar to the quartz sand, the cohesive force of the
specimen slightly decreases with the increase of the amount of iron ore powder.
Compared to the 40-item quartz sand, the 400-mesh iron ore powder has a smaller particle
size and the effect on the cohesive force thereof is much smaller than that of the quartz
sand. Since the specimen is completely dry during test and the strength there of is
established after conservation, the water content has little effect on cohesion and is a non
sensitive factor.

(2) Figure out the average and the range of compressive strength based on the factors,

presented in the orthogonal form, under different levels. As shown in Tab 3.6.
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Tab.3.6 Range method analysis of uniaxia compressive strength

Grade A B C D

1 3.23 2.24 2.53 2.49
2 2.37 2.39 2.56 2.59
3 2.14 2.62 2.63 2.70
4 1.41 2.83 2.69 2.51
Range 1.82 0.59 0.16 0.21

Through analyzing the extreme values in the table above, the sensitivity of the four
factors is ranked as A>B>D>C. The result indicates that the mass ratio of quartz sand and
gelatinizer (A) is a sensitive factor influencing the uniaxial compressive strength of the
specimen, which is followed by the mass of ratio of cement and gypsum (B). The iron ore
powder (C) and the water content (D) are two factors causing few effects. The intuitive
range analysis graph as shown in Tab 3.7 also shows a similar relations: The compressive
strength of the specimen decreases rapidly with the increase of the mass ratio of quartz
sand and gelatinizer (A). The quartz sand is a loose-grained granule, and a large number
of granules are difficult to establish the strength in the absence of cement and gypsum
(B). The stability of internal cementation and the integrity of specimen is low. The
compressive strength slightly increases with decreasing proportion of the cement and
gypsum (B), that is, compared with gypsum, the effect of cement on the specimen strength
is more obvious. Under the same conditions, the increase of cement percentage is helpful
to strengthen cementation. The influence of water content (D) on the strength increases
first and then decreases. The water is a reactant in the gypsum maturation reaction and
the cement hydration reaction. The lack of water causes incomplete chemical reaction,
which is not conducive to the cementation between gypsum and cement, affecting the
establishment of strength; while too much water will lead to slurry saturation, and the
excessive water can not be directly involved into the chemical reaction and exists as free
water. The existence of free water is not conducive to the increase of the strength of the
specimen during conservation, and the gas generated by the chemical reaction will be
attached on the surface of the free water and it is difficult to escape. As a result, there are
a large number of pores on the internal and the surface of the dried specimen, which

affects the overall strength.
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Fig.3.7 Analysis of the factors affecting compressive strength
Figure out the average and the range of elasticity modulus based on the the

factors, presented in the orthogonal form, under different levels as shown in Tab 3.7.

Tab.3.7 Range method analysis of elastic modulus

Grade A B C D
1 1298 902.7 779.1 851
2 974.7 887.4 814.4 867.4
3 730.8 826.5 867.5 871.5
4 324.9 801.5 986.3 886.5
Range 973.1 101.2 207.2 35.5

Through analyzing the extreme values in the table above, the sensitivity of the four
factors is ranked as A>C>B>D. The result indicates that the mass ratio of quartz sand and
gelatinizer (A) is a sensitive factor, followed by the iron ore powder, influencing the
elasticity modulus of the specimen most under different levels. The intuitive range
analysis graph as shown in Tab 3.8 also shows that the elasticity modulus is affected most
by the mass ratio of quartz sand and gelatinizer (A). The less the proportion of the cement
and gypsum is, the little extra force are needed to deform the specimen. When the mass
ratio of quartz sand and gelatinizer (A) is more than 2, the shear slip failure will easily
occur on specimen.The incorporation of iron ore powder increases the integrity of the
specimen because the particle size of the iron ore powder is so small that it is able to
effectively fill the pores between among quartz sand particles, which helps cementation
and the elasticity modulus of the specimen increases slightly accordingly; the proportion
of the cement and gypsum also slightly affects the elastic modulus. Compared with
cement, gypsum is more effective for improving the elastic modulus. Under the same

conditions, when the gypsum content is high, the elastic modulus of the specimen is larger.
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Fig.3.8 Analysis of the factors affecting elastic modulus

(3) analysis of factors on longitudinal wave velocity
Figure out the average and the range of longitudinal wave velocity based on the

factors, presented in the orthogonal form, under different levels as shown in Tab 3.8.

Tab.3.8 Range method analysis of longitudinal wave velocity

Grade A B C D
1 4435.75 3856 3811.75 3929.25
2 3899.25 3956.75 3966.25 3932.75
3 3578 3841 4126 3958.25
4 3214.5 3955 4265.25 3945
Range 1221.25 115.75 453.5 29

Through analyzing the extreme values in the table above, the sensitivity of the
four factors is ranked as A>C>B>D. The result indicates that longitudinal wave
velocity is affected most by the mass ratio of quartz sand and gelatinizer (A), and
then is the proportion of the iron ore powder. The proportion of the cement and
gypsum and the water content generates few effects. The intuitive range analysis
graph as shown in Tab 3.8 how that the longitudinal wave velocity decreases with
the increase of the mass ratio of quartz sand and gelatinizer (A). The high quartz
sand content and the lack of gelatinizer contribute to the intra-particle pores are large
and the integrity is poor. The transmit of ultrasonic wave is less efficient because of
high-frequent reflection and scattering. The transmit process consumes large energy
and is low in speed. With the increase of the amount of iron ore powder, the
longitudinal wave speed of the specimen has been improved. Because of the large
mesh size and the small particle size of iron ore powder, it can effectively fill the

pores among the quartz sand particles, thus the compactness of the specimen is
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enhanced, which helps the ultrasonic transmission, and increases the longitudinal
wave velocity speed; The proportion of the cement and gypsum and the water

content generates few effects on the longitudinal wave speed.
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Fig.3.9 Analysis of the factors affecting longitudinal wave velocity

3.3.2 Analyzing test result with variance method

The range analysis method analyzes the results of orthogonal experiments and
calculates the average value of the target parameters under different levels of each
factor. Through the ranking of the mean value range, the sensitivity analysis of the
change of the target parameter to each factor is made. The calculation process is
relatively simple and lacks the significance of the influence of factors on the target
parameters. Orthogonal test involves four influencing factors, if and only if the value
of a certain factor changes, that is, single factor changes, by calculating the test result
change, it can be easier to determine the target parameter affected degree; When
there are multiple factors that change the value, that is, multi-factor changes, it is
difficult to distinguish the influence degree and proportion of each factor on the test
result, and then it is impossible to analyze the significance of each factor on the test
result. Therefore, in order to compensate for the inadequacy of the analysis method
of variance, the variance calculation can not only analyze the independent influence
of multiple factors on the target parameters, but also can be used to analyze the
significant influence of interactions of different factors on the target parameters, and
ultimately be beneficial to the target. The optimal combination of parameters.

According to the results of the orthogonal test, the variance analysis of the basic
physical and mechanical parameters of the test piece was carried out and the analysis

was performed using the analysis of variance table, as shown in Table 3.9:
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Tab. 3.9 Table of variance analysis

Source Sum of
Target of squares of
parameter  variation deviations DOF RMS F value Threshold Influence
fa
Cohesive =r
force A Sa -1 SA =§ FA= SA/ Se Fl—a(fA ’ fe)
fs
Compressi =r
ve strength B S -1 SB =§ FB= SB/ Se Fl—a(fB ’ fe)
Elasticity
modulus
Longitud
inal wave
velocity
Error  S. fe FA= SA/ Se

Total St fr=n-1

The mathematical meaning of the signs referred in the tables and the computing

formula are as follow:

Sa» Sp, =, is the total sum of square of A and B respectively, S; =

< < 5 1
Yie=14( Xij — X)?, :;lecilxki

Stis the total sum of square St=Y.32,(Xx — X)?;

Se 1s the sum of square of errors, Se=St-Sa-Sp-***;

fa = fz = r —11s the DOF of every factors. The DOF is 3 in this orthogonal test.

fo = fr—fa—fs — -+ is the error DOF, among which is total DOF. There are 16 groups

in this orthogonal test, thus n is 16;

— Sy —=— _ S . — .
Sy = f, Sg = f—B, ...is the RMS, and S, = S, /f, is the error sum of square;
B

Divide mean square Sj by error mean square Se, we get F. According to the F
distribution function, we carry out a significant analysis of each factor and test the
accuracy of orthogonal test. Taking cohesion as an example, the design variance analysis

calculation table is shown in table 3.10:
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Tab. 3.10 Table of variance calculation

NO. A B D Cohesive
force /kPa
1 1 1 1 4 108.2
2 1 2 2 3 105.1
3 1 3 3 2 93.4
4 1 4 4 1 91.8
5 2 1 2 2 80
6 2 2 1 1 82.8
7 2 3 4 3 69.8
8 2 4 3 4 73.3
9 3 1 3 1 51.5
10 3 2 4 2 50.1
11 3 3 1 3 62.4
12 3 4 2 4 59.8
13 4 1 4 3 39.1
14 4 2 3 4 30.1
15 4 3 2 1 45.5
16 4 4 1 2 49.5
Continued 3.10
X1 100.88 72.75 77.78 70.8
Xaj 78.25 69.25 73.75 70.78
X3; 59.78 70.33 66 70.68 X =70.69
X4 43.85 70.43 62.53 70.5 Sy = 7760.12
S; 7232 26.05 445.75 0.2256
S, S,=S;—Sy—Sg—Sc—Sp = 56.1

Taking the calculation results of cohesive force as an example to figure out the sum
of squares and errors sum of squared of the uniaxial compressive strength, elasticity

modulus, and longitudinal wave velocity at different levels. The results are given in the
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form of a variance analysis table as shown in Table 3.11, providing convenience for

performing F-test and test accuracy analysis.

Tab. 3.11 Table of variance calculation

Target  Source of Sumof DOF RMS  Fvalue Threshol Signific

paramet  Vvariation  squares d ance
er
Cohesiv  Factor A 7232 3 2410.67 128.94 kK
eforce  poiorB 2605 3 8.68 046  Fyoo(3,3)
/kPa — 9295
Factor C  445.75 3 148.58 795  Fy495(3,3) *
= 9.28
Factor D  0.2256 3 0.075 0.004  Fy40(3,3)
= 5.39
Errore 56.09 3 18.7
Total T  7760.1 15
2
Uniaxial Factor A 6.7 3 2.23 62.6 oK
COMPIES ™ Factor B 0.44 3 0.147  13.11 F,99(3,3)  **
sive — 295
strength
/MPa  Factor C  0.057 3 0.019 6.47  Fy45(3,3) *
=9.28
Factor D  0.0063 3 0.0021 553  Fyoe(3,3)  *
= 5.39
Error e 0.107 3 0.036
Total T 7.31 15
Elasticit Factor A 185832 3 619443 4945 ook
y 9
modulus g0 B 11250 3 3750 03 Fyeo(3.3)
/MPa — 295
Factor C 140594 3 468647 674 Fyec(33)  *
=9.28
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Factor D 11161 3 3720.3 0.297  Fy40(3,3)
= 5.39
Errore 37579 3 12526.3
Total T 205891 15
3
Longit Factor  2.879 3 0.96 25.25 ok
udinal A
Wave  Factor  0.0255 3 0.0085 0223  Fy40(3,3)
velocit B — 295
y/Km/s
Factor  0.697 3 0.232 6.11  Fy45(3,3) *
C =9.28
Factor  0.0009 3 0.0003  0.0081 F,40(3,3)
D 2 = 5.39
Errore 0.114 3 0.038
Total T 3.717 15

Compared “F” in the chart with standard “F” critical value, belief o adopts 0.01, 0.05
and 0.10. If F > Fo,01(3,3), the influence of this factor on the target parameters is highly
significant, and it is marked with ***; If Fo0s5(3,3) < F < Fo.01(3,3), the influence of this
factor on the target parameters is less significant, it is marked with **; If Fo1(3,3) <F <
Fo.05(3,3), the significant is less more and more, it marked with *; If F < F¢.1(3,3), it

doesn’t matter so much, we don’t mark it.

Comprehensively analyzing the calculation results with range method:

(1) The mass ratio of quartz sand and gelatinizer (A) has a significant effect on
the measurement results of the target parameters in orthogonal test. With the increase of
the mass ratio of quartz sand and gelatinizer (A), the cohesive force, uniaxial compressive
strength, and elasticity modulus of the test specimen tend to decrease significantly. Due
to the high content of quartz sand in the specimen, the amount of cement and gypsum is
relatively small, and the cementation is not obvious, which results in common f5/{i% target
parameter values of the specimen. When the mass ratio of quartz sand and gelatinizer (A)
is greater than 3, the specimen presents splitting failure and shear slip failure. The overall
compactness is low. The mass ratio of quartz sand and gelatinizer (A) also has a

significant impact on the longitudinal wave velocity. Large particle size sand hinders the
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transmission of ultrasonic wave, and the reflection and scattering among micro particles
reduce the transmission efficiency of acoustic wave and further, decreasing the
longitudinal wave velocity.

(2) The mass ratio of cement and gypsum (B) mainly affects the uniaxial
compressive strength of the specimen. When the content of cement is fixed, properly
increasing the proportion of cement components is more effective in strengthening the
compressive strength of the specimen. Mixing gypsum with Portland cement helps to
delay the coagulating time of cement, which leaves sufficient time to mix components
evenly during making the model body. The reaction between gypsum and cement
generates ettringite. And is used in the water. The volumetric expansion in the hydration
reaction of ettringite compensates the volume shrinkage during the drying process of
cement, effectively suppresses cracking on surface the model body, and enhance the
integrity.

(3) With increase of the amount of iron ore powder (C), the cohesive force,
uniaxial compressive strength, elasticity modulus, and longitudinal wave velocity of the
test specimen tend to increase slightly. 400-point iron ore powder can effectively fill the
space among 40 mesh quartz sands. With the decrease of porosity in the test specimen,
the compactness is improved, and the relevant target parameter values are increased as
well. The iron ore powder is designed mainly to increase the saturated unit weight of the
model material, so that the similarity ratio of saturated unit weight C v is 1. Under the
condition of fixed sample volume, it is difficult to incorporate excessive iron ore powder,
and the proportion from 15% to 20% is ideal.

(4) The water content (D) has a certain influence on the uniaxial compressive
strength of the test specimen and there is also a suitable water volume range. If the water
content too little to support the chemical reaction between gypsum and cement to establish
cementation strength, and each component is not mixed evenly, it is not conducive to the
establishment of strength during the later conservation period; if the water content is large,
vadose and stratification mortar will occur during the initial coagulation. Excessive water
exists as free water in supersaturated slurries, affecting early strength establishment.
When the water content exceeds 35%, the compressive strength of the specimen is
significantly reduced, and shows tensile failure because too many internal pores generated
by the chemical reactions is attached on the surface of the free water without escaping

timely, by which the effect of intensity is greatly affected.
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3.4 Determination of dynamic parameters

At the deep national key laboratory of the China University of Mining and

Technology (Beijing), the Hopkinson rod impact test was conducted to measure the
kinetic parameters of the material. The test environment is shown in Figure 3.10 below.

The sample was also prepared according to the ratio of the static orthogonal test

scheme, and the sample after 28 days of curing is shown in Figure 3.11 below.

Fig.3.11 Samples of dynamic test

Fig.3.10 State key laboratory

However, because the materials selected for the model test is not strong enough, the

reflection wave is difficult to capture, although a complete reflection wave curve can be
obtained. There are a lot of clutters, only a very few reflection wave with uniaxial

compressive strengths above 3 MPa can be measured completely. After analyzing the data,

the resulting stress strain map could be got and shown as in figure 3.12.
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Fig.3.12 dynamic experiment’s parameter curve

Because the available specimens which are helpful for searching useful data are not
adequate enough, it is difficult to perform effective analysis. However, in the subsequent
model tests, the similar materials with higher strength can be produced to determine the

dynamics parameters.

3.5 Conclusion

Combining the analytical results of the range analysis method and the variance
analysis method, the appropriate range for the distribution ratio of model materials in each
group 1s obtained as follow: the mass ratio of quartz sand and gelatinizer (A) is 1:1 ~ 2:1,
the mass ratio of cement and gypsum (B) is 1:1 ~ 2:1, the quantity of iron ore powder (C)
is about 15% ~ 20% of the total mass of specimen, and the water content (D) is 30% ~
35. %. the saturated unit weight of model material is about 23.2 ~ 25.5 kN/m3, cohesive
force is 72 ~ 98 kPa, deformation modulus 1s 750 ~ 1020 MPa, uniaxial compressive
strength is 2.72 ~ 3.05 MPa, Poisson's ratio is 0.28 ~ 0.29, longitudinal wave velocity is
4.2 ~4.4 km/s. According to similarity ratio, the parameter ranges mentioned above are

suitable for the simulation of Class III engineering rock mass, as shown in Table 3.12.

Tab.3.12 Physical mechanical parameters of the grade III engineering rock mass and model material
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Unit Compressive  Tensile Deformati Cohe Poisson’s Longitudi
Compone  yejght strength(MP  gtrength  on sive ~ ratio nal wave
nt (kN/m3 @ (MPa)  modulus  force( velocity(k
) (GPa) MPa) m/s)
grade [II  24.5~2 30~60 3.2~45 6~20 0.7~1.5 0.25~0.3 3~4.5
engineerin 6.5
g rock
mass
Model 23.2~2  2.72~3.05 0.2~0.28 0.75~1.02  0.072 0.22~02 4.2~44
material 5.5 ~0.09 6
8
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Chapter 4: Strength checking and analysis of three

dimensional test machine

4.1 Three dimensional modeling for test machine

The common 3D modeling software is Sketch Up, UG, SolidWorks, Pro/E, CATIA
and so on. They all have rich 3D solid modeling functions and fine compatibility. They
can be used to interface with the common finite element analysis software to realize the
exchange and sharing of digital information. The 3D modeling software used in this
paper is Sketch Up, which provides many data output formats and can be easily

imported into ABQUS for analysis.

4.1.1 Introduction for Sketch Up

Sketch Up is a design tool directly oriented to the creation process of design
project. Its creation not only fully expresses the idea of the designer, but also fully
satisfies the needs of construction machinery. It enables designers to make a very direct
visual creation on the computer, which is an excellent tool for three-dimensional and
taking design scheme.

Sketch Up provides a complete CAD, CAE and CAM solution for 3D design,
analysis, drawing and processing of products. It belongs to solid modeling software,
whose working environment can be two-dimensional or three-dimensional. In a three-
dimensional environment, the designer can display his ideas in a realistic model through
various methods. Sketch Up constructs basic elements and solid models through the
way of point and line. Compared with other specialized and complex modeling software,
its obvious feature is that it can automatically identify lines and capture their endpoints
to turn line into surface. In addition, it has a large number of plug-ins used to support
modeling, which can make up for the lack of hand-painted capabilities of other software

systems and greatly reduce the time needed for 3D modeling.

4.1.2 Building model

The bottom-up modeling method is usually used to build 3D models test machines.
Firstly, according to the two-dimensional CAD drawings provided by the manufacturer,
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the three-dimensional model of the counterforce frame, the main frame, the rear loading
frame, the drawbar component, the mechanical mobile device, the rail and the actuators
are established by using a single entity in the component modules. In order to simplify
the model and speed up numerical calculation, the bolt connection is equivalent to the
welded connection. Then, in the assembly module, they are assembled one by one
according to the assembly and constraints of each other, and then assembled into a
three-dimensional model of the whole geomechanics model.

All parts of the test machine are welded by steel plate and connected by bolt.
Although the whole model system looks very complex, it is relatively simple to build,
because many of them are characterized by stretching, rotation, mirroring and so on.
Complex and advanced features are rare. The detailed modeling process and the overall

effect are shown in Figure 4.1.

+e e o0 °° °°
Ss s oo oo

o EERTRIRTS
Il\ll\lllll\ll TN

: II|lI|II|II|IlVII||l||l

II\IIIIIIIIIIIIIIIIIII-

[X3
oo

Illlllllllllllllllllll.
l

JRNI8I/8i8/811

(b) Split-body loading frame of test machine
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(e) Overall structure of the test machine

Fig.4.1 Segment modeling process of test machine

Analysis and Evaluation of Three-dimensional Geology Mechanical Model Experiment 49



4.1.3 Simplification principles in modeling

Several models are used in the finite element analysis and simulation, so it is
necessary to simplify the three-dimensional model of the test machine reasonably
according to the characteristics of the virtual prototyping technology and to improve
the efficiency of the extreme and analytical processing,

Considering the accuracy of computer simulation analysis and simulation test, the

simplification of the test machine structure needs to comply with certain principles.

1. The size of the main parts and components of the testing machine does not
change.

2. Secondary parts and partial structures can be simplified.
The parts of the main components with little stress can be ignored.

4. The simplified 3D test machine model should be used for finite element analysis

and cannot consume too much time.

4.2 Finite element strength analysis of test machine

4.2.1 Introduction of ABQUS

ABAQUS provides users with a wide range of functions and is very easy to use.
A large number of complex problems can be easily simulated through different
combinations of option blocks. For example, the simulation of complex multi-
component problems is achieved by combining the options block defining the
geometric size of each component with the corresponding material properties option
block. In most simulations and even highly nonlinear problems, the user only needs to
provide some engineering data, such as the structural geometry, material nature,
boundary conditions and load conditions. In a nonlinear analysis, ABAQUS can
automatically select corresponding load increments and convergence limits. It can not
only select the appropriate parameters, but also continuously adjust the parameters to
ensure accurate solutions in the analysis process. The user can control the numerical
results well by defining the parameters accurately. ABAQUS has two main solver
modules -- ABAQUS/Standard and ABAQUS/Explicit. ABAQUS also includes a
graphical user interface that fully supports the solver, that is, the front and back
processing module of human-computer interaction - ABAQUS/CAE. ABAQUS also

provides special modules to solve some unique problems. ABAQUS is widely
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considered to be the most powerful finite element software, which can be used to
analyze complex solid and structural mechanics systems, especially to control large and
complex problems and to simulate highly nonlinear problems. ABAQUS can not only
do single-part mechanics and multi-physical analysis, but also do analysis and research
at system level. The characteristics of ABAQUS's system level analysis are unique to
other analytical software. Due to its excellent analytical ability and the reliability of
analog complex systems, ABAQUS has been widely used in various industries and
research in different countries. Products of ABAQUS play an important role in the

research of many high-tech products.

4.2.2 Problems during modeling

In this paper, there are many problems in the finite element analysis of the testing
machine as a whole, including the following aspects.

(1) Dimension in finite element analysis
ABAQUS and most other finite element analysis software (such as ANSYS,
MSC.MARGC, etc.) do not specify the unit of physical quantity. For users, different units
can be used for different problems, but it is necessary to ensure the unity of the unit of
physical quantity used in the analysis of the same model. However, in practical
engineering, many kinds of physical quantity units are often used to describe the
problem. In this case, if the finite element analysis is carried out, the expected results
are often not obtained. Therefore, we must first carry out the unity of units. This paper
adopts the unit of basic physical quantities of mm-t-s-K system.

(2) Import of geometric model
There are two ways to import a good model into ABQUS in Sketch Up: One is to import
in the way of parts, which needs to be remodeled again in the whole model of the
ABQUS . Although ABQUS has a strong parts assembly capacity, the operation is
complicated and time consuming; the other way is to import the model as a whole.
Although the overall model will have a deviation of accuracy after importing, as long
as it is checked, it is ok to convert it to a precise and effective model.

(3) Simplification of bolt connection
The treatment of bolted connections is one of the many difficulties in finite element
analysis. There are three common methods: bonding, contact, and connection. By
comparing with the actual situation, the bolts will not be greatly deformed. There is no
visible dislocation between the beams and beams, and the bolt connection is simplified

as a binding connection to restrict the degree of freedom of the various parts of the
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model.

4.3 Analysis of numerical

A complete finite element analysis process consists of three basic steps: pre-
processing, analysis and calculation, post-processing. The analysis process of ABQUS

is shown in Figure 4.2 below:

Description of the problem

\ 4
Determine the type of analysis

\ 4

Solid modeling

A

y

Define materials

Define assemblies, steps, outputs,
loading Modify

v

Mesh and Calculation

y

Post processing data

quantified

Design and output

Fig.4.2 ABQUS analysis flow diagram

(1) Define the material properties of the testing machine
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According to the design drawings provided by the manufacturer, the steel used in the
test machine is Q420. It is a kind of low-alloy high-tensile structural steel. Q420 has
high tensile, good fatigue resistance capacity, high tenacity , low brittle transition
temperature, good cold forming and welding performance, good corrosion resistance
and certain wear resistance. It has high tensile and higher comprehensive mechanical
properties especially in normalizing or normalizing plus tempering. In this paper, the
main mechanical parameters of Q420 are: Elastic modulus ---200Mpa, Poisson's ratio
---0.28, Density --7.85 g/cm3.

(2) Define analysis steps
The analysis step module is mainly used to define the analyze steps and output. This
paper not only involves analysis of structural statics contact, but also involves the
analysis of bursting force. Two analysis steps need to be set up. On the other hand, the
force of model loading is relatively large, so the separate process of loading can help
the convergence of model calculation. The two analytical steps established in this paper
are Static General and Dynamic Implicit.

(3) Define interaction
The interaction module is mainly used to define the interactions, constraints and
connectors among the parts. In the actual situation, the beams are connected by bolts,
but in many tests, there is no case of dislocation and deformation, so it is simplified as
a binding connection between the surfaces. Similarly, the connection between stiffened
ribs and beams is also simplified as a binding connection. Because the deformation
occurred during the test is relatively small to the size of the whole test machine, so this
simplification does not have a great effect on the final result.

(4) Define loading and boundary conditions
The purpose of this numerical simulation is to calculate the maximum deformation that
the testing machine can bear under the most unfavorable load. In other words,, how
much are the dynamic load and static load of the test machine when the test machine is
in the limit of deformation. The static load exerting force can provide the test oil source
system with maximum pressure SMpa. The dynamic load uses different parameters
based on different types of explosives. The explosion pressure of RDX is 33.8 GPa when
the density is 1.767g/cm3, and the detonation pressure is 9.3GPa when apparent density
of lead azide is 1.5 g/cm3 (dextrin).

The counterforce wall is connected with the back frame of the main body of test
machine through the screw and nut, which runs through the front and back. In the finite

element, only the holes around the counterforce wall are required to be constrained. The
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six-degree-of-freedom of the surrounding holes are all restrained, so that the boundary
conditions can be set.

(5) Mesh
Dividing a reasonable grid is an important step in the finite element analysis, which not
only relates to the accuracy and the speed of the solution, but also to the final
convergence of the solution. In this paper, the meshing of the counterforce wall of the

test machine is shown in Figure 4.3 below.

Fig.4.3 mesh generation of reaction wall

Each part of the model uses a unit (C3D8R), which is generally accurate, but is
suitable for handling contact problems. The grid is further subdivided near the key
beams and around the holes. The size of the partially divided grid away from the key
beam is slightly larger, which does not have much effect on the final result, but it can

be a significant reduction in the calculation time.

4.3.1 Strength analysis for counterforce wall

The following figure shows the stress cloud diagram on the front and back of the
recoil wall of the tester, respectively, as shown in Figures 4.4 and 4.5. It can be seen
from the figure that the stress is mainly distributed in the middle and sides of the middle
beam and the key beam, and the maximum main stress value is relatively large around
the observation window, which is prone to deformation and belongs to an area that

emphasizes analysis. The reason is that the waist height of the key beam is relatively
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small. Compared with other beams, deformation is more likely. Because the presence
of the observation window breaks the integrity of the beam, the perimeter of the
observation window will become more fragile. The stress value near the outer ring is
larger than that of the inner side of the hole in the round wire bar.

Select four nodes around the observation window to see its maximum principal

stress,

S, Max. Principal b
(Avg: 75%)
+9.321e+02

+5.732e+02
+4.835e+02
+3.938e+02
+3.041e+02
+2.144e+02

+1.247e+02 4 H o v | g
+3.501e+01 | E
-5.469e+01 | | |
-1.44de+02 | |

Max: +9.321e+02 oL

Elem: MODEL_2-1#PART-3-1-LIN-2-2,61 (EREEEH; EREERL] T
Nods: 177 ‘ 3 3 |
\ |

Fig.4.4 Front stress contour of reaction wall

S, Max. Principal ‘

(Avg: 75%)
+9.321e+02
+8.424e+02

+3.041e+02
+2.1dde+02
+1.247e+02
+3.501e+01
-5.469e+01
-1.444e+02

Max: +9.321e+02
Elern: MODEL_2-1#PART-3-1-LIN-2-2.61
Node: 177

Fig.4.5 Back stress contour of reaction wall
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S, Mises

(Avg: 75%)
+3.385e+02
+3.104e+02
+2.8§22e+02
+2.540e+02

+1.130e+02
+8.486e+01
+5.667e+01
+2.64%9e+01
+2.998e-01

Fig.4.6 Mises stress contour of first Beam

4.3.2 First beam deformation analysis

From the Mises stress analysis diagram of the first beam (as shown in Figure 4.6),
it can be seen that the stress value in most areas is not very large, and the upper end of
the stiffened rib with higher stress has a maximum stress value of 3.38 MPa. Compared
with the Q420 steel, the yield stress is much smaller and has little effect on the stability

of the entire beam and the reflector frame.

U, Magnitude
+5.376e-01
+4.928e-01
+4.480e-01

+8.060s-02
+4.4808-02
+0.0008-+00

Fig.4.7 Deformation contour of first beam

The cloud diagram shows a displacement vector diagram in the depth direction.
From the deformation analysis diagram of the first beam (as shown in Figure 4.7), it
can be seen that the deformation is mainly distributed at the lower end of the beam, and
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the maximum displacement variable is 0.53 mm. Occurs at the lower edge of the beam,

node number 436. Compared with the entire model size, the displacement dislocation

occurred is small and negligible.

4.3.3 Second beam deformation analysis

From the Mises effort(as shown in Figure 4.8), it can be seen that the stress
distribution of the second beam is relatively uniform, and the Mises stress is mainly
distributed in the middle part of the front end of the beam, the flange parts on both sides,
and the inner hole. The maximum main stress is 1.51 MPa, the node position is 1248,
the stress is much smaller than the steel yield stress, the stress level of the entire beam

is low, and the structure of the beam is in a stable state.

3, Mises

(Avg: 759%)
+1.519e+03
+1.393e+03
+1.266e+03
+1.139e+03

+5.065e+02
+3.800e+02
+2.534e+02
+1.268e+02
+2.41de-01

Fig.4.8 Mises stress contour of second Beam

From the deformation analysis of the second beam (as shown in Figure 4.9), it can
be seen that the maximum displacement area is still concentrated in the central area, the
maximum displacement point is on the panel of the beam, the node number 873, and
the maximum displacement is 15.2 mm. Compared with the limit deformation, it is in
a safe range. Because the upper and lower interfaces of the beams are bolted to the other
two beams, the displacement is limited, and the maximum deformation of the beams is

greatly limited.
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U, U3
+1,529e+01
+1.39de+01
+1.260e+01
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+3.190e+00
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Fig.4.9 Deformation contour of second beam

4.3.4 Key beam deformation analysis

S, Pressure
(4Avg: 75%)
+5.545e+02

+2.232e+02
+1.570e+02
+9.069e+01
+2.444e+01
-4.182e+01
-1.081e+02
-1.743e+02
-2.406e+02

Fig.4.10 Main pressure contour of second Beam

The figure shows a schematic diagram of the force of the key beam 4.10. It can be
clearly found that one end near the web is under pressure, one end away from the web
is under tension, and the tensile stress is distributed on the upper and lower sides of the
observation window. The maximum compressive stress is 5.54 MPa, which occurs at
145 nodes; the maximum tensile stress size is 2.45 MPa, which occurs at 435 nodes.
The position of the flange on both sides is the area where the shear stress is concentrated.
The maximum shear stress is 1.6 MPa, which is much smaller than the Q420 steel,

which is 70 to 90 MPa.
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Fig.4.11 Deformation contour of key beam

The figure shows the deformation of the key beam 4.11. The maximum
deformation occurs in the middle of the observation window. The node number is 2686
and the maximum form variable is 9.613 mm. Since the presence of the observation
window breaks the overall stability of the beam, and the presence of holes causes the
model body to form a free surface here, the stress is first released from here, and the
shape variable near the hole is the largest, especially the displacement on the node is

the largest.

4.3.5 Fouth beam deformation analysis

The force conditions of the fourth beam (as shown in Figure 4.12) are basically
the same as the structural design of the first beam, so their stress conditions are basically
similar. The maximum principal stress is distributed at the maximum deflection of the
beam, and the maximum Mises stress is 2.81 MPa, Occurs at node 155, and the

maximum shear stress is distributed near the flange 1.4 MPa, which is much smaller
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than the yield shear stress of Q420.

3, Mises
(Avg: 75%)
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Node: 155

Fig.4.12 Mises stress contour of fouth Beam

The deformation form of the fourth beam (as shown in Figure 4.13) is basically
the same as the deformation form of the first beam. It occurs within the grid of the beam
and the maximum deformation is 2.04 mm. The impact on the steel plate and the overall

stability of the steel structure there is no effect.

U U3
+2.041e+00

+1.682e+00
+1.502e+00
+1.322e+00
+1.142e+00
+9.627e-01

+6.381e-02
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Node: fouth bean-1.8726

Fig.4.13 Deformation contour of fourth beam

4.4 Conclusion in this chapter

Under the combination of dynamic and static loads, the maximum deformation
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generated on the central axis of the tester is similar to the deformation position
generated under static conditions, but the numerical value is very different. The
maximum deformation is 9mm. However, there is no effect on the overall stability of
the testing machine and the normal progress of the test. The simulated environment of
the experiment was to try to carry out the blasting of different explosives at a distance
of 0.6 m from the observation window. The stress propagation method, through the
propagation of the medium, transmitted the blasting stress to the counterforce wall.
Under the action of the static load SMPa, the maximum main stress is distributed
on the vertical central axis, that is, where the maximum deflection of the beam occurs.
The maximum deformation is located near the observation window of the key beam,
and the deformation is 0.5 mm. It has no effect on the overall stability of the testing
machine and the acquisition of test data. The overall stability near the observation
window is relatively poor, and there is also a free surface, which is prone to stress

concentration areas, so the resulting deformation is also the largest.
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Chapter 5: Conclusion and Outlook

5.1 Conclusion

This paper takes the MCE-3D large-scale mine engineering three-dimensional
model system independently researched and developed by China University of Mining
and Technology (Beijing) as the main research object. Based on the similarity theory,
the model material used in the blasting test is studied, and the physical and mechanical
parameters are measured to obtain an appropriate ratio range, and the point of the
algorithm analysis of the reaction wall of the test machine, calculate its deformation
under the most unfavorable load. The study of the physical and mechanical properties
of the model material leads to the following conclusions:

By analysis of variance method, it was found that the change of the sand-rubber
ratio had a significant effect on the measurement results of the orthogonal test target
parameters. With the increase of the sand-batch ratio, the cohesion force, uniaxial
compressive strength and elastic modulus of the test specimens were all exhibited.
There is a clear downward trend. The proportion of cement mainly affects the uniaxial
compressive strength of the specimen. When the content of the gel is constant,
increasing the ratio of the cement component is more effective for increasing the
compressive strength of the specimen. With the increase of the content of iron fine
powder, the cohesive force of the specimen, the uniaxial compressive strength, the
elastic modulus and the longitudinal wave speed all showed a slight upward trend. The
amount of mixing water has a certain influence on the uniaxial compressive strength of
the test piece. There is a suitable water volume range, and the mixing water volume is
not enough to support the chemical reaction of gypsum and cement to complete the
chemical reaction and establish the cementation strength. The mixing of the
components is not uniform and is not conducive to the later period. The establishment
of strength in the curing process.

Combining the analytical results of the range difference method and the variance
method, an appropriate interval for the distribution ratio of the model materials in each
group is obtained. The sand and glue ratio is 1:1 ~ 2:1, the proportion of cement
components is 1:1 ~ 2:1, the amount of iron fine powder blended is about 15% ~ 20%

of the total mass of the sample, and the mixing water volume is 30% ~ 35. %, with the
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above proportions, the model material weight is approximately 23.2 ~ 25.5 kN/m3,
cohesive force 72 ~ 98 kPa, deformation modulus 750 ~ 1020 MPa, uniaxial
compressive strength 2.72 ~ 3.05 MPa, Poisson's ratio 0.28 ~ 0.29, longitudinal wave
speed 4.2 ~ 4.4 km/s. The strength of the test machine calibration study concluded as
follows:

(1) Under the static load of 5MPa, the maximum principal stress is distributed
on the vertical central axis of the testing machine, that is, where the maximum
deflection of the beam occurs, the maximum deformation is located near the
observation window of the key beam, and the deformation is 0.5mm, which is stable to
the overall test machine. The collection of sexual and experimental data has no effect.
The overall stability near the observation window is relatively poor, and there is also a
free surface, which is prone to stress concentration areas, so the resulting deformation
is also the largest.

(2) Under the combined action of dynamic load and static load, the maximum
deformation produced on the center axis of the test machine is similar to the
deformation position produced under static conditions, but there is a big difference in
value, the maximum deformation is 9mm, but the same There is no effect on the overall
stability of the tester and the normal operation of the test. The simulation environment
of the test is to try different blasting at a distance of 0.6 m from the observation window.
The propagation of stress through the medium propagates the blasting stress to the

reaction wall.

5.2 Outlook

This paper systematically introduces the 3D geomechanical model system of
China University of Mining and Technology (Beijing). Its innovative and unique
features enable more model tests to be performed, especially in dynamic tests. Above,
the addition of iron concentrate sand to the test mixture plays a very good role in
adjusting the physical and mechanical properties of the material. It provides the basis
for future kinetic tests, and can also be achieved as much as possible by adding different
components in the model test. The requirements of the material; after checking the
strength of the three-dimensional geomechanical model testing machine, the testing
machine can withstand a given blasting load. Under the condition of simultaneous

dynamic and static loads, it can ensure that the test can be carried out smoothly.
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